Abstract-This paper proposes a task-space control protocol for the collaborative manipulation of a single object by two robotic arms. No feedback of the contact forces/torques is required, therefore employment of corresponding sensors is avoided. The proposed methodology is decentralized in the sense that each agent utilizes information associated with its own and the object's dynamic/kinematic parameters and no on-line communication takes place. An adaptive version of the control scheme is also introduced, where the agents' and object's dynamic parameters are considered unknown. Moreover, load sharing coefficients between the agents are employed and internal force regulation is guaranteed. Unit quaternions are also employed to represent the object's orientation. Finally, realistic simulation studies verify the effectiveness of the introduced control scheme.
I. INTRODUCTION
Multi-agent manipulation has gained a notable amount of attention lately. Difficult tasks including manipulation of heavy loads that cannot be handled by a single robotic arm necessitate the employment of multiple agents. Early works develop both centralized control architectures [1] , [2] , where the robotic agents communicate and share information with each other, and decentralized schemes [2] - [5] , where each agent uses only local information or observers [6] , avoiding potential communication delays.
Impedance and force/motion control is a widely common methodology utilized in the related literature [1] , [7] - [13] . The majority of the aforementioned works employs force/torque sensors to acquire knowledge of the manipulator-object contact forces/torques which however may result to performance decline due to sensor noise or mounting difficulties; [3] , [10] , [14] , [15] do not employ such force/torque measurements. In [10] , however, object secondorder dynamics are not considered, which is also the case in [6] , [9] .
Another important characteristic is the representation of the manipulator and object orientation. The most commonly used tool consists of Euler angles and rotation matrices which can however exhibit singularities at certain points [16] . On the other hand, the representation using unit quaternions, which is employed in this work, constitutes a singularity-free orientation representation, without complicating the control design. Unit quaternions are employed in [16] , [17] for single manipulator tasks. Regarding cooperative schemes, [7] and [18] develop both force and quaternion feedback controllers. Moreover, [14] utilizes quaternions for orientation estimates along with a quadratic programming optimization problem formulation where stability is ensured under certain assumptions.
In addition, most of the works in the related literature consider known dynamic parameters regarding the object and the robotic arms. However, the accurate knowledge of such parameters, such as masses or moments of inertia, can be a challenging issue; [4] proposes a joint-space adaptive control scheme that achieves asymptotic stability with proper gain tuning; [18] does not utilize dynamic parameter feedback, considering though the regulation problem of object cooperative manipulation, where the desired object pose is assumed to be constant.
In [9] and [19] kinematic uncertainties are considered whereas [20] performs an internal force and load distribution analysis. In [12] a leader-follower scheme is employed where the followers estimate the desired trajectory of the object whereas in [21] a decentralized force consensus algorithm is developed; [22] and [23] address the problem employing hybrid control schemes. In [5] an adaptive method with no force feedback is proposed, without however explicitly defining the object orientation or incorporating the potential difference in power capabilities among the agents. They also assume the dynamic parameter linearity in the task-space coupled dynamics, as in [4] . Finally, mobile manipulator approaches are treated in [24] , [25] .
In this paper, we propose a novel nonlinear control scheme for trajectory tracking of an object rigidly grasped by two robotic arms. The main novelty of our approach is the combination of i) control design in task-space variables which avoids explicit computation of inverse kinematics algorithms, ii) coupled object-manipulators dynamic formulation which does not require feedback of contact forces/torques, iii) an extension to an adaptive version, since the dynamic parameters of the object and the agents are considered unknown and iv) the employment of unit quaternions for the object orientation, avoiding thus potential representation singularities. Moreover, the overall scheme is decentralized in the sense that each agent utilizes information regarding its own and the objects' state, and internal force regulation is also guaranteed. Furthermore, in contrast to the majority of the related literature, we utilize coefficients for load sharing among the robotic arms, which may exhibit different power capabilities. To the best of the authors' knowledge, this is the first approach that integrates the aforementioned attributes for cooperative manipulation. Finally, to verify the stability and effectiveness of the proposed scheme, we perform extensive simulation studies in the realistic V-REP simulator where dynamics engines are used.
The rest of the paper is organized as follows: Section II introduces notation and preliminary background. Section III describes the problem formulation and the overall system's model. The control scheme is presented in Section IV. Section V verifies our approach through realistic simulations and Section VI concludes the paper.
II. NOTATION AND PRELIMINARIES
Matrices are denoted with capital bold letters whereas vectors with lowercase bold letters.
C p B/A ∈ 3 denotes the vector connecting the origins of frames {A} and {B} expressed in frame {C} coordinates. The matrix
is the skew-symmetric matrix of vector p= p x p y p z T . The rotation matrix from {A} to {B} is denoted with A R B . The angular velocity of frame {B} with respect to {A} is denoted as ω B/A ∈ 3 and the following holds:
which follows by differentiating the rotation matrix property
where AṘ B is the derivative of the rotation matrix A R B with respect to frame {A}. Let also q i ∈ ni , i = 1, 2 be the joint variables of the ith manipulator agent, where n i ≥ 6, i.e., the robotic arms may as well be redundant. 
A. Unit Quaternions
whereŵ ∈ S 2 is a unit vector associated with the rotation axis and θ ∈ [0, 2π] is the angle about this axis. The expressions relating unit quaternions and rotation matrices can be found in [16] , [26] .
For a given quaternion
T , i ∈ {1, 2} , the quaternion product is defined as Fig. 1 . Two robotic arms rigidly grasping an object.
It can be shown that the product of two unit quaternions is also a unit quaternion.
The time derivative of a quaternion ξ = η ε T T is
given by the quaternion propagation rule [26] :
where ω is the angular velocity vector and
For notational brevity, in the rest of the paper, all the derivatives as well as vectors, quaternions and matrices are expressed with respect to an inertial frame {I}, unless otherwise stated. Also, the subscript i takes values 1, 2 corresponding to the two robotic arms.
III. PROBLEM FORMULATION
Consider two fully actuated robotic arms rigidly grasping an object, as shown in Fig. 1 . The end-effector and object's center of mass frames are denoted with {E i } and {O} respectively whereas {I} corresponds to the inertial frame. The rigidity assumption implies that there is no relative movement between the end-effectors as well as that the two agents can exert both forces and torques along all directions to the object. We consider that each agent has access to the position and velocity of its own joint variables and of the object's center of mass, which can be achieved through motion capture devices or mounted sensors (e.g. cameras) and no interaction force/torque measurements or on-line information exchange between the agents is required. Moreover, it is assumed that the desired object profile as well as relevant geometric features are transmitted off-line to the agents. In addition, we tackle both cases of known and unknown dynamic parameters. Finally, it is assumed that the robotic arms operate away from representation singularity poses.
A. Kinematics
In view of Fig. 1 , we have that:
Differentiation of (4) along with the fact that, due to grasping rigidity we have ω O/I = ω E i /I , leads to
where m ∈ is the object's mass,
is the object inertia tensor with respect to frame {I} and g ∈ 3 is the gravity vector . The joint space manipulator dynamics are given by [26] :
where
6 is the vector containing the forces and torques that each end-effector exerts on the corresponding grasp point, τ i ∈ ni is the torque vector, B i ∈ ni×ni and N i ∈ ni×ni are the inertia and Coriolis matrices respectively and p i ∈ ni is the joint space gravity vector. By solving (9) with respect toq i , differentiating (6) and taking into account that
is the total force wrench exerted by the end-effector to the object due to joint torques, we derive the task space dynamics [26] : (10) where
Note that (10)- (13) hold in the case of redundant manipulators as well. Moreover,q i in (12) can be computed from (7) whereas the joint torques can be computed from the taskspace wrench as follows:
and τ i0 is a redundancy term that does not contribute to the task space wrench and has been introduced for sub-tasks of redundant robotic arms.
Moreover, the following properties can be verified: 
2) Coupled Dynamics: It can be proved that the forces that the end-effectors exert at the grasp points and the equivalent forces at the object center of mass are related as follows:
T ∈ 12 and G ∈ 6×12 is the full row-rank grasp matrix:
Note that the endeffector forces can be written as
T ∈ 12 , j ∈ {m, int} , E λ m is a term that results in object motion and E λ int is a term that belongs to the null-space of G and accounts for internal forces, i.e., G E λ int = 0 6×1 . Substituting (10) into (8) through (14) and employing (15) and the derivative of (5) as well as the fact that f i = R E i E i f i and n i = R E i E i n i , we arrive at the overall system coupled dynamics:
and the stack matrices and vectors are defined as follows:
Moreover, the following Lemma plays an important role in the subsequent analysis. Lemma 2: The matrix M is symmetric and positive definite and the matrix˙ M − 2 C is skew-symmetric.
Proof: By employing (21) and Lemma 1 it is straightforward to prove the symmetry and positive definiteness of M . Then, in view of (17) and by invoking the symmetry and positive definiteness of M O , we prove the symmetry and positive definiteness of M .
Regarding the skew symmetry of˙ M − 2 C, notice first that (21), (22) and Lemma 1 imply the skew-symmetry oḟ M − 2C. Moreover, by defining A =J
MJ O/E , we have from (17) , (18) and (20):
from which, by employing the skew-symmetries of Lemma 1, we obtain:
completes the proof.
We are now ready to state the problem treated in this paper:
with bounded first and second derivatives, findū in (16) that achieves
IV. CONTROL METHODOLOGY
We define the quaternions
T associated with the object orientation and desired orientation with respect to {I} respectively. Let us also define the errors:
where the last two relations have been derived by the quaternion product e ξ = ξ O,d ⊗ ξ * O associated with the orientation error. Note that the convergence of the object pose to the desired one is equivalent to the following property: e p → 0 3×1 , e ε → 0 3×1 and e 2 η → 1. By differentiating the errors (25)- (27) with respect to time and considering (3) and skew symmetric matrix properties [16] , we obtain the error dynamics: 
A. Non-adaptive Control Scheme
Define the velocity reference signals:
where Furthermore, define the reference velocity error
and design the following decentralized control law for each agent, i = 1, 2, individually:
The control law (33) can be also written in vector form:
T , j ∈ {int, m} and finally,
Note that the desired internal forces λ int,i,d are chosen such that G E λ int,d = 0 6×1 , from which it can be verified thatJ
The following theorem summarizes the main results of this subsection.
Theorem 1: Consider two robotic agents rigidly grasping an object with coupled dynamics described by (16) under the control protocol (34). Then, the object pose converges asymptotically to the desired one with all control signals being bounded, i.e., Problem 1 is solved.
Proof: Consider the positive definite, decrescent and radially unbounded Lyapunov function:
By differentiating V with respect to time and substituting the error dynamics (28)- (30), we obtain:
from which, by substitutingṗ O/I and ω O/I from (31) and (32) and by employing (16), we derive:
Then by substituting v O from (32) in the term Cv o we have:
which, by employing Lemma 2, becomes:
from which, by applying the control protocol (34) and utilizing the fact thatJ
, we finally obtain:
which is zero for all (e p , e ε , e v ) = (0 3×1 , 0 3×1 , 0 6×1 ) , ∀e η and negative otherwise. We conclude therefore that the system is stable and V is a non-increasing function, deducing the boundedness of e p , e η , e ε , e v . Hence, invoking also the boundedness of is bounded as well. From the above we also deduce the boundedness of u i . Finally, by differentiating (32) and substituting (16) and (34) we also deduce the boundedness ofė v and therefore ofv O .
Combining the aforementioned statements we can conclude the boundedness ofV (e p , e ε , e v ,ė p ,ė ε ,ė v ) and hence the uniform continuity ofV . Invoking Barbalat's lemma, we deduce thatV → 0 and therefore through (36) that (e p , e ε , e v ) → (0 3×1 , 0 3×1 , 0 6×1 ). Furthermore, we also conclude that e 2 η → 1 since e ξ is a unit quaternion, which leads to the completion of the proof.
B. Adaptive Control Scheme
In this section we consider unknown dynamic parameters of the objects and the agents consisting of masses and inertia moments. Hence, we propose an adaptive version of (34) which does not incorporate the aforementioned parameters and still guarantees the solution of Problem 1. The following Lemma plays a significant role in the foregoing analysis.
Lemma 3: The coupled manipulator dynamics can be written in the following form:
where θ∈ q is a vector of unknown but constant dynamic parameters of the manipulators and
12×q is a regressor matrix independent of θ.
Proof: Each manipulator task space inertia matrix and gravity vector can be written as follows [26] :
is the mass of link j,
is the inertia tensor of link j with respect to the inertial frame, J
are the linear and angular Jacobian respectively from frame {I} to link j, p ik is the kth row of the gravity vector and J (l j ) i,P k is the kth column of J (l j ) i,P . Moreover, the joint space Coriolis matrix N i (q i ,q i ) can be written as follows [27] :
where R i,j is the rotation matrix from the inertial frame to link j and l j I i,lj is the inertia tensor of link j with respect to its center of mass. Note that B i , p i and C i include terms involving only linear functions of the link masses m i,lj and inertia moments l j I i,lj for all j. For non-redundant manipulators, the corresponding taskspace terms from (11)-(13) become:
from which we conclude that the dynamic parameter linearity still holds, since J i is a function of q i and some geometric parameters of the manipulators. Hence, in view of (21) and (22), the same applies for M and C. Moreover, since the termJ O/E does not contain terms involving dynamic parameters, the same linearity counts for MJ O/E and CJ O/E + MJ O/E which leads to (37). In the case that the manipulators are redundant and therefore J −1 i
is not well-defined, we can introduce a matrix K Ji (q i ) ∈ (ni−6)×ni whose rows span the null space of J i , as described in [28] . The rows of K Ji are basis elements for the space of velocities which cause no motion of the end-effector. Therefore, similar expressions to (38)-(40) can be derived and a similar analysis can be performed for redundant manipulators as well. Moreover, in view (8), it is straightforward to prove the property of dynamic parameter linearity for the object's dynamics as well:
where θ O ∈ q O is a vector of unknown but constant dynamic parameters of the object and
6×q O is the object regressor matrix. In addition, it is worth noting that the choice for q and q O is not unique and depends on the factorization method used [26] .
Let us now denote asθ O andθ the estimated parameters of θ O and θ respectively, as well as the associated errors:
With the reference velocity signals defined as in (31) and the corresponding errors as in (32), we design the following adaptive control law:
where:
,C f , K v and λ int,d are defined as in the nonadaptive case and λ
We also design the adaptation laws as follows:
Theorem 2: Consider two robotic agents rigidly grasping an object with coupled dynamics described by (16) We differentiate the above function with respect to time and by employing the error dynamics (28)- (30) and coupled dynamics (16) , relations (31) and (32) as well as Lemma 2 we obtain:
which, in view of Lemma 3, becomes:
By applying the laws (44), (45) and (46) and utilizing (42), (43) we obtain from the latter equation:
which is the same as (36) and is zero for all (e p , e ε , e v ) = (0 3×1 , 0 3×1 , 0 6×1 ) , ∀e η and negative otherwise. We conclude therefore the boundedness of e j , j ∈ {p, η, ε, v, θ O , θ} and hence the boundedness of v ,v O and ofė p ,ė ε ,ė v . We deduce thus the boundedness ofV and consequently the uniform continuity ofV and that e p , e ε , e v , e 2 η → (0 3×1 , 0 3×1 , 0 6×1 , 1) . Finally, it is straightforward to prove that the control and adaptation signals u A ,θ O ,θ are also bounded which leads to the completion of the proof.
Remark 1: In both control cases, by substituting the control protocols (34) ((44) for the adaptive case) as well as (5) and its derivative to (10), the closed loop manipulator dynamics as t → ∞ suggest that λ i = λ i,m,d + λ i,int,d , from which we conclude that the steady state generalized force vector exerted by each manipulator to the object constitutes of a bounded term associated with the object desired motion and a bounded term referring to the desired internal forces.
Remark 2: Note that both control schemes in (34) and (44) are decentralized in the sense that each agent needs information regarding its own and the object's state and parameters. Moreover, notice that no measurements of acceleration signals are required. Fig. 2 . Two PhantomX Pincher Robot Arms grasping rigidly an object. The green dot depicts the center of mass of the object whereas the red dot determines the desired 2-D trajectory to be followed by the object. The snapshot was taken for t = 0.
V. SIMULATION RESULTS
To demonstrate the efficiency of the proposed control protocol, simulation studies were carried out in the realistic environment provided by the Virtual Experimentation Platform of Coppelia Robotics (V-REP) where physics engines are incorporated for the dynamic simulation. More specifically, two PhantomX Pincher Robot Arms of four DoF were employed to cooperatively manipulate an object in the x − z 2-D plane as shown in Fig. 2, using The control gains were appropriately chosen as k p =k ε =120 and k v1 =k v2 =5 to compensate for the deviation of the V-REP physics engine dynamics from the second-order Lagrangian dynamics (9) and to limit the torque signals to the feasible range that can be implemented by the joint actuators.
The simulation results are depicted in Figs. 3 -5. In particular, the tracking of the desired object pose by the actual one is illustrated in Fig. 3 , from which it is clear that a perfect tracking is achieved. Moreover, the evolution of the errors e p , e ξ , e v and e ω is depicted in Fig. 4 . A small deviation in the velocity errors which however does not affect the overall tracking performance can be attributed to the aforementioned dynamic model divergences. The torque signals are pictured in the left side of Fig. 5 . In addition, a scenario with c 1 = c 2 = 0.5 was also simulated with the resulting torque signals of the two agents depicted in the right side of Fig. (5) , which differ from the first case due to the difference effort determined by the load sharing coefficients. Finally, the aforementioned simulation study is clearly demonstrated by the accompanying video.
VI. CONCLUSION AND FUTURE WORK
In this paper a decentralized cooperative manipulation scheme by two robotic agents was proposed. Our control protocol does not require any force/torque measurements at the contact points avoiding hence the use of corresponding sensors. Moreover, we employ unit quaternion feedback for the object orientation and we also consider an adaptive version of the proposed control protocol where the dynamic parameters of the object and the robotic arms are considered unknown. Realistic simulations in a virtual robotics platform validated the efficiency of the proposed scheme. Future efforts will be devoted towards extending the proposed scheme to more than two agents, addressing the case of heterogeneous agents with unknown dynamic models and object's geometric features as well as real time experiments. Finally, compliant and rolling/sliding contact grasps will be taken into consideration.
